Abstract
Introduction
Disorders of the musculoskeletal system are among the most prevalent and costly medical conditions affecting western societies [1] . Recent 
Degenerative disc disease and emerging biological treatment approaches

The intervertebral discs tightly connect the vertebrae of the spinal column, providing resistance to compression combined with the permission of limited movements. The outer part of the intervertebral disc (IVD) consists of perpendicularly oriented circumflex lamellae consisting of primarily collagen type I that cross between two vertebral bodies. This is called the annulus fibrosus (AF). These lamellae confine the nucleus pulposus (NP), a gel-like structure consisting of proteoglycans and water, held together by a mainly collagen type II network.
IVD degeneration can be described clinically as a loss of proper stability and mobility, which are the two major roles of the disc. However, the aetiology and pathophysiology of disc degeneration are still largely unknown [4, 5] . From a biomechanical point of view, disc degeneration can be described as a decrease in water content associated with proteoglycan diminution of the nucleus pulposus and inner annulus. This results in flattening of the disc and eventually destruction of the annular structure [6, 7] . Although the cause of IVD degeneration remains unclear, an attempt to define IVD degeneration was recently made as follows: an aberrant, cell-mediated response to progressive structural failure [8] .
Degenerative disc disease (DDD) applies to degenerated discs which are also painful [8] . DDD is a highly common musculoskeletal impairment that currently has no identified cause. However, a strong association exists between increasing age and progressive degradation [9, 10] [11] [12] [13] [14] .
. The traditional view during much of the last century was that DDD was primarily due to physical (over)loading as well as changes associated with the normal aging process. In recent years, however, a dramatic advance has been made in the understanding of risk factors such as age, gender, genetic, environmental, chemical (smoking), and biomechanical influences for disc degeneration, thus changing our traditional views
Current treatment options for DDD comprise either pain management or invasive surgical interventions like vertebral interbody fusion or spinal arthroplasty [15] . The [16] [17] [18] [19] [20] .
Growth factors like TGF-␤ [21] [22] [23] , BMP-2 [20, 23] , [24, 25] or 27] [63, 64] . Based on the current knowledge of tissue engineering technology and ASC technology in particular, we formulated an innovative concept for a one step-procedure for spinal inter-body fusion [65] . A time frame for this procedure is shown in Figure 1 . 
in vitro studies
Cells in the nucleus pulposus share several characteristics with articular cartilage chondrocytes, for instance both cell types demonstrate sox9, aggrecan and collagen type II up-regulation [71, 72] . Many studies have shown that adult MSCs can be directed into chondrocytes [73, 74] [73] . Regardless of the co-culture system, cell culture configuration is also relevant for chondrogenic differentiation and monolayer culture is not appropriate for chondrogenic differentiation nor mimics the 3D in vivo situation [77, 78] Fig. 2 ) [79] . [80] [81] [82] . Collagen type II, the predominant collagen in nucleus pulposus ECM [83, 84] , was shown to maintain the chondrogenic phenotype [85, 86] and even to induce a chondrogenic phenotype in MSCs [87, 88] . These processes might be influenced by the capacity of chondrocytes to bind to collagen type II through ␣1␤1, ␣2␤1 and ␣10␤1 integrins, resulting in the formation of a signalling complex, which plays a role in the differentiation, matrix remodelling and cell survival [89] . [91, 92] . In the context of osteogenic differentiation, it was suggested that this is due to a selective and material-related adsorption of serum proteins to the tested scaffold materials [93, 94] , which directly affects the differentiation potential of the attached cells [93] . Recent Fig. 3 ). ASCs from the SVF might selectively adhere to micro-particles of caprolactone, which subsequently can be injected into the degenerated disc.
. Our group demonstrated that ASCs cultured as micromasses are able to differentiate towards NP-cell-like cells by indirect NP-cell co-culture, as determined with real-time PCR, showing an up-regulation of collagen type II and aggrecan and concomitant down-regulation of osteopontin, collagen type I and PPAR-␥ (see
As IVDs consist primarily of extracellular matrix (ECM), injected stem cells are likely to interact with the components of the ECM after injection into the disc. It was shown that ECM plays a critical role in the regulation of stem cell differentiation into different lineages, cell proliferation and cell migration
Finally, ASCs will be confronted with the specific hypoxic and acidic environment of the degenerated disc [103, 104] 
. The influence of hypoxia has been a topic of great interest, because NP cells or chondrocytes grow in a low-oxygen environment.
Although there are some contradictory data about the effect of hypoxia on chondrogenic differentiation of MSCs, most studies suggest that hypoxia can promote chondrogenic differentiation [105] [106] [107] . The influence of pH on disc cells has been studied less extensively but clearly has a negative effect on the ECM turnover of the NP cells [108] . [109] . Furthermore, in vivo studies can be used for a standardized evaluation of biomechanical, histochemical and morphologic characteristics of degenerative processes in the spine [109, 110] and innovative regenerative treatment modalities for disc degeneration can be tested in vivo [17, 40] . Several animal models of disc degeneration are currently available [110] [111] [112] [113] [114] [109] . The difference in size between small animal discs and human discs clearly affects the diffusion process, crucial for the oxygenation of disc cells. Larger animal models have been validated as good models of the human disc with respect to biomechanics, geometry, structure and biochemistry, particularly the bovine, ovine and canine models [115] [116] [117] . Notochordal cells, however, are present in the intervertebral discs of most of these animals at the age of skeletal maturity, unlike in human beings [118, 119] . Notochordal cells appear to optimize disc matrix synthesis and therefore their presence influences the process of disc degeneration and regeneration [120, 121] . As a natural model for DDD has not been described in a large mammal, our group started to develop a standardized, reproducible DDD model performed with chondroitinase ABC [122] . Most importantly, the animal model must be similar in nature to the human pathologic process that it is intended to mimic. Otherwise, conclusions made from dissimilar animal and human pathologic states may not be clinically appropriate. [123, 124] . Preliminary results after 2 years of follow-up show that reduction of low back pain and prevention of loss of disc height have been achieved with the transplantation treatment [123, 124] .
Fig. 2 Effects of micromass NP cells on the differentiation related gene expression of ASCs in monolayer or micromass. A: NP cells only significantly down-regulated the gene expression of osteopontin and type I collagen in monolayer ASCs, but they significantly up-regulated the gene expression of aggrecan and concomitantly down-regulate the gene expression of osteopontin, type I collagen and PPAR-γ in micromass
in vivo studies
Animal models
The complexity of factors involved in regeneration of the intervertebral disc can be studied only partially in vitro. Animal models offer the possibility to study the process of degeneration and regeneration over time
. However, these animal models, especially small animal models (e.g. rat, rabbit), have shortcomings in their comparability to human disc degeneration, in particular with regard to disc geometry and remaining of a certain cell type (notochord cells, see below), even in adult animals
Cells in disc regeneration in vivo
Various cell types are currently under investigation for their therapeutic potential for intervertebral disc degeneration. Nucleus pulposus cells were studied in a canine disc degeneration model [35]. Autologous NP cells were isolated, expanded in vitro and subsequently returned to an enucleated dog intervertebral disc. The transplanted cells survived, synthesized proteoglycan and disc height was regained [35]. At present, the effect of autologous NPcell transplantation is being studied in clinical trials as well
Other strategies for cell-based repair of the nucleus pulposus include the re-insertion of nucleus pulposus [125, 126] or elastic cartilage from the ear [38] . Using different in vivo models (rat and rabbit, respectively), in which a disc herniation was induced, the re-insertion of a fresh or cryo-preserved nucleus pulposus was found to prevent the progression of DDD [125, 126] [127, 128] .
Extending the concept of stem cell therapy further, investigators have exploited the use of allogenic stem cells. This has the added advantage of off-the-shelf availability. Moreover, as the cause of disc degeneration is thought to be multi-factorial, the use of allogenic stem cells could eliminate potential autogenic precipitating factors such as genetic predisposition [11, 129, 130] , or the diminished potency of stem cells due to natural aging [131] . In fact, the IVD is suggested to be immune-privileged due to its avascular nature. A study showing that allogenic nucleus pulposus cell transplantation did not elicit lymphocyte infiltration is consistent with this notion [132] . The problem of immune rejection is likely to be even less for allogenic MSCs, since MSCs are capable of escaping allogenic recognition [133, 134] . Allogenic [135] . Allogenic transplantation has also been investigated in normal coccygeal IVD of adult rats [99] . When transplanted in a hyaluronan gel scaffold, bone marrow MSCs survived in the nucleus pulposus over a 4-week period [99] . Thus the potential of allogenic stem cells is worth further investigations using longer timepoints and larger animal models. [136] . The specific questions asked will determine the appropriate experimental model that should be used. Three-dimensional culture systems may be preferable to two-dimensional systems because they promote the retention of the chondrocytic phenotype of NP cells [137] and the induction of NP-cell-like phenotype of co-cultured ASCs (see Fig. 1 ) [79] . In addition, the microenvironment of the DDD should be considered as degenerated discs have increased levels of proinflammatory cytokines, such as IL-1 and TNF-␣, as well as a decreased nutrition and low pH and low oxygen tension in the NP [138] .
MSC transplantation has been attempted in normal rabbit lumber IVD, with MSCs surviving in the nucleus pulposus for 6 months producing proteoglycan and collagen II, suggesting that allogenic MSCs have similar regeneration potentials as autogenic cells
Perspective
Regenerative medicine aims for the replacement, regeneration and remodelling of tissue or the functional enhancement of impaired tissues in vivo or to engineer and to grow functional tissue substitutes in vitro to implant in vivo. For the spine, the ultimate goal is the regeneration of a functional motion segment, consisting of a nucleus pulposus and annulus fibrosis, when the focus is on disc
The feasibility of regenerating a degenerated intervertebral disc has been shown by two recent clinical studies in human beings. In one study, fresh frozen composite disc allografts have shown to be an effective treatment for DDD, with good union of the grafts, preservation of motion and stability and without an immune reaction occurring [139] . Another feasible strategy for arresting and reversing DDD is the use of autologous disc chondrocytes as described previously [124] 
